The recently observed large cross sections for the Coulomb dissociation of 31 Ne nucleus indicate that this nucleus takes a halo structure in the ground state. We analyse these experimental data using the particle-rotor model, that takes into account the rotational excitation of the core nucleus 30 Ne. We show that the experimental data can be well reproduced when the quadrupole deformation parameter of 30 Ne is around β2 = 0.2 ∼ 0.3, at which the ground state takes the spin and parity of I π =3/2 − . This state corresponds to the Nilsson level [330 1/2] in the adiabatic limit of the particle-rotor model. On the other hand, the state corresponding to the Nilsson level [321 3/2] with β2 ∼ 0.55 can be excluded when the finite excitation energy of the core is taken into account, even though this configuration is a candidate for the ground state of 31 Ne in the Nilsson model analysis. We discuss briefly also a possibility of the I π =1/2 + configuration with β2 ∼ 1 and β2 ∼ −0.4. A halo structure with an extended density distribution is one of the characteristic features of weakly bound neutron-rich nuclei. It was first recognized in 11 Li, showing an abnormally large interaction cross section [1] . Other examples include 11 Be [2, 3] and 19 C [4] , both of which are typical one-neutron halo nuclei. The rootmean-square radius diverges for s and p waves as the single-particle energy approaches to zero [5] , and the halo structure has been ascribed to an occupation of an l = 0 or l = 1 orbit by the valence neutron [6] .
The halo structure induces a large concentration of the electric dipole (E1) strength in the low-excitation energy region, that is, a soft E1 excitation [4, 7, 8] . Recently, the Coulomb breakup cross sections for 31 Ne were measured by Nakamura et al. [9] , indicating a soft E1 excitation in the 31 Ne nucleus. Notice that a naive spherical shell model leads to the 1f 7/2 configuration for the valence neutron of 31 Ne. In order to generate the halo structure within the mean-field picture, the valence neutron therefore needs to move in a deformed mean-field potential in which the s or p wave component in a weakly-bound single-particle wave function makes a dominant contribution [10] [11] [12] 31 Ne. We mention that the ground state with I π = 3/2 − is found also with shell model calculations [9, 14] as well as with a microscopic cluster model calculation [15] .
In order to describe odd-mass deformed nuclei, especially nuclei with small deformation as well as transitional nuclei, the particle-rotor model (PRM) has been applied with great success [16] [17] [18] . It was also applied successfully to a halo nucleus 11 Be [19, 20] and neutronrich Carbon isotopes 15, 17, 19 30 Ne core and adopt the particle-rotor model to study the ground state and the excited state properties of 31 Ne.
The Nilsson model adopted in Ref. [13] to analyze the ground state configuration of 31 Ne corresponds to a strong coupling limit of the particle-rotor model. That is, the non-adiabatic effect due to the rotational states of the deformed core was neglected in the analysis. In general, in deformed nuclei with mass A 40, the rotational energy is not small, and the non-adiabatic effect may play a role in discussing physical observables such as electric dipole (E1) transitions. While the non-adiabatic effect may be estimated perturbatively in the Nilsson model, especially to determine the spin and parity of the nucleus in the laboratory frame [16, 17] , it is not obvious whether the perturbation works for the particular case of 31 Ne nucleus. In this respect, it is highly desirable to disentangle how much the non-adiabatic effect appears in the assignment of the spin-parity of the ground state and also in the E1 transitions of 31 Ne.
The aim of this paper is thus to study the 31 Ne nucleus by solving the particle-rotor model Hamiltonian without resorting to the adiabatic approximation and discuss the E1 excitation and the Coulomb breakup cross sections. In order to describe the structure of the 31 Ne nucleus, we assume that the core nucleus 30 Ne is statically deformed with a quadrupole deformation parameter β 2 and the motion of the valence neutron is coupled to the rotational motion of the core nucleus. Assuming the axially symmetric shape of the core nucleus, we consider the fol-lowing Hamiltonian for the 30 Ne+n system:
where µ = m N A c /(A c + 1) is the reduced mass of the valence neutron with A c =30 and m N being the mass number of the core nucleus and the nucleon mass, respectively. H rot is the rotational Hamiltonian for the core nucleus given by H rot = I 2 c 2 /2J , where I c is the spin of the core nucleus and J is the moment of inertia. V is the single-particle potential for the valence neutron interacting with the deformed core. r andr c are the coordinate of the valence neutron and the direction of the symmetry axis of the core nucleus in the laboratory frame, respectively. For the single-particle potential V , we use a deformed Woods-Saxon potential,
wherer cn is the angle betweenr andr c , and f (r) is given by
c . Here, for simplicity, we have expanded the deformed Woods-Saxon potential up to the linear order of β 2 . We have checked that this approximation works for the range of deformation parameter considered in this paper, by comparing our results for the Nilsson model with the numerical results obtained with the code WSBETA [25] .
In principle, the eigenfunctions of the Hamiltonian (1) can be obtained by solving the coupled-channels equations in the coordinate space both for the bound and the scattering states [19, 21, 26] . A continuum B(E1) distribution can then be constructed with those scattering wave functions. However, since the experimental data are so far available only in the form of inclusive cross sections, we will not discuss the detailed structure of the strength distribution here but leave it for future publications. It is sufficient for our purpose to expand the wave function on some basis and compute a discrete strength distribution. We do this with the eigenfunctions of the spherical part of the potential V ,
where R njl (r) is the radial wave function and Y jlm (r) is the spin-angular function. The continuum spectrum can be discretized within a large box. Together with the rotational wave function φ IcMc (r c ), the total wave function for the n+ 30 Ne system is expanded as,
where I is the spin of 31 Ne and M is its z-component. The expansion coefficients α (I) njlIc as well as the corresponding eigenenergy for the 31 Ne nucleus are obtained by numerically diagonalizing the Hamiltonian H.
In order to identify the ground state configuration, we first solve the Hamiltonian by setting H rot = 0 in Eq. (1) . In this case, the K quantum number, that is, the projection of the total angular momentum onto the z-axis in the body-fixed frame, is conserved, and several states with different I, having the same value of K, are degenerate in energy when the maximum value of I c included in the calculation is sufficiently large. As has been shown in Ref. [26] , the wave function in this limit is related to the wave function in the Nilsson model, φ jlK , as,
where
and φ jlK satisfies [27]
(9) One can regard Eq. (7) as a transformation of the Nilsson wave function from the body-fixed frame to the laboratory frame, where the angular momentum is conserved. Notice that
is the probability of each (j, l) component in the Nilsson wave function and is independent of I when H rot = 0. In this limit, we therefore obtain a collection of Nilsson levels. As usual, we put two neutrons to each Nilsson orbit from the bottom of the potential well, and seek the Nilsson orbit which is occupied by the last unpaired neutron. We then gradually increase the value of the 2 + energy of the core nucleus up to the physical value, E 2 + =0.801 MeV, and monitor how the Nilsson orbit for the valence neutron evolves. For a finite value of E 2 + , the K quantum number is not conserved any more due to the Coriolis coupling, and the degeneracy with respect to I is resolved. We select the lowest energy state among several I at E 2 + =0.801 MeV as the ground state of 31 Ne. In this way, we take into account the Pauli principle between the valence neutron and the neutrons in the core nucleus. Table I shows the probability of each component, for the negative sign) to the one-neutron separation energy, S n (it should not be confused with the energy ǫ njl in Eq. (5)). Following Ref. [13] , we use r 0 =1.27 fm, a=0.67 fm, and F ls =0.44 for the parameters of the Woods-Saxon potential, (4). V WS is adjusted to reproduce a given value of S n . We use R box =60 fm for the size of the box to discretize the continuum spectrum, and include the singleparticle orbits (5) 31 Ne in the laboratory frame is I π = 3/2 − for β 2 =0.2 and 0.55, while it is I π = 7/2 − for β 2 =0.1.
In the adiabatic limit (that is, the Nilsson model), for a given j and l, the contribution of each component of [I c ⊗ (jl)] with different value of I c to the E1 excitation is similar to each other since the radial dependence of the wave function is identical (see Eq. (7)). Therefore, the relevant quantity in this limit is the total probability for each j and l given by Eq. (10) . On the other hand, in the case of finite rotational energy (i.e., the non-adiabatic coupling), the radial dependence of the wave function largely depends on I c . The wave function is spatially most extended for the component which couples to I c = 0, as the absolute value of the diagonal energy E − E rot is the smallest (that is, most weakly bound). Therefore, the relevant quantity in this case to the E1 excitation is the probability of the I c = 0 component. In the case of β 2 = 0.2, the probability of [0 + ⊗p 3/2 ] increases considerably as the rotational energy increases from zero to 0.801 MeV, and the probability at E 2 + = 0.801 MeV is similar to the total p 3/2 probability in the adiabatic limit. As the separation energy decreases from S n =0.3 MeV to S n =0.1 MeV, the total p-wave probability increases in the adiabatic limit [10] [11] [12] [13] , and correspondingly the probability of [0 + ⊗p 3/2 ] also increases in the non-adiabatic case. In contrast, in the case of β c = 0.55, the probability of [0 + ⊗p 3/2 ] decreases considerably as the rotational energy increases. The probability remains small even if the separation energy decreases from S n =0.3 MeV to S n =0.1 MeV. We have confirmed that this is the case even when the separation energy is as small as S n = 0.01 MeV. We thus expect that the dissociation cross section decreases significantly for this configuration due to the non-adiabatic effect. In the case of β 2 = 0.1, the [0 + ⊗f 7/2 ] component increases significantly for the non-adiabatic coupling. Since the f -wave does not form a halo structure, the E1 excitation probability will decrease considerably if the rotational energy is taken into account. As the separation energy decreases, the pwave component will increase in the Nilsson wave function. However, the non-adiabatic effect always quenches the p-wave component in this weak coupling regime, and one could not expect large Coulomb dissociation cross sections with this configuration.
Let us now numerically compute the Coulomb dissociation cross sections and confirm the above behaviors discussed in the previous paragraph. To this end, we first compute the E1 strength,
where the initial and final wave functions, Ψ i and Ψ f , have the same form as in Eq. (6), and the dipole operator D µ is given byD µ = −[Z c e/(A c + 1)] · rY 1µ (r). The Coulomb dissociation cross sections can be obtained by multiplying the E1 virtual photon number, N E1 , to the B(E1) strength [28] [29] [30] . Summing all the final states, the inclusive Coulomb breakup cross section reads,
Since we compare our results with the experimental data for the dissociation cross sections, we restrict the summation in Eq. (12) only to those states above the threshold. Figure 1 shows the Coulomb dissociation cross sections for the three configurations listed in Table I . Since the empirical separation energy S n has a large uncertainty, On the other hand, the cross sections obtained with β 2 = 0.1 and 0.55 appear too small to account for the experimental data. These configurations may yield a reasonable reproduction of the experimental data in the adiabatic limit because of the p-wave dominance in the wave function, but it is simply an artifact of the adiabatic approximation. The non-adiabatic effect eliminates the possibility of these configurations to be the ground state of 31 Ne. All of these behaviors agree with the expectations.
Besides the configuration with β 2 ∼0.2, there may be other possibilities for the ground state configuration of 31 Ne. It was argued in Ref. [13] Figure 2 shows the Coulomb dissociation cross sections calculated with β 2 = 0.95. The dashed and the solid lines correspond to the results in the adiabatic limit and those with the finite rotational energy, respectively. For this configuration, the cross sections show some jumps when a resonance state becomes a bound state as the separation energy increases so that its contribution is excluded in the sum in Eq. (12) . In any case, the experimental cross sections can be reproduced when the separation energy is around 0.8 MeV, and thus this configuration cannot be excluded, although it is required that 31 Ne has a bound excited state and/or low-lying resonance states. For this configuration, the [0 + ⊗s 1/2 ] configuration is the main component of the wave function both in the adiabatic limit and in the nonadiabatic case (for instance, the probability is 80.5 % in the adiabatic limit and 79.2 % in the non-adiabatic case), and the non-adiabatic effect on the Coulomb dissociation is found to be small.
Although it may be unlikely that the 30 Ne nucleus is oblately deformed [23] with an appreciable mixture of the [0 + ⊗s 1/2 ] configuration. The s-wave probability does not change much by the non-adiabatic effect, and the experimental data can be reproduced both in the adiabatic limit and in the nonadiabatic case.
In summary, we have discussed the E1 excitation of the 31 Ne nucleus using the particle-rotor model. The finite rotational excitation energy of the core nucleus has been taken into account. We have shown that the experimental cross sections can be well reproduced with the deformation parameter of 0.17 β 2 0.33 and the separation energy of 0.13 S n 0.2 MeV, for which the ground state configuration has the spin-parity of I π = 3/2 − . However, the I π = 1/2 + configurations with large deformation around β 2 ∼ 0.95 or with oblate deformation around β 2 ∼ − 0.35 cannot be excluded only from the Coulomb dissociation data. On the other hand, we have shown that the I π = 7/2 − configuration at β 2 ∼ 0.1 and the I π = 3/2 − configuration at β 2 ∼ 0.55 can be excluded due to the non-adiabatic effect, even though those configurations may reproduce the experimental data in the adiabatic limit.
For the 31 Ne nucleus, the momentum distribution for the nuclear breakup process [31] as well as the interaction cross section have been recently measured at the RIBF facility at RIKEN [32, 33] . It will be interesting to investigate whether our model can reproduce these experimental data simultaneously. We will report on it in a separate publication.
We thank T. Nakamura and K. Yoshida for useful discussions. This work was supported by the Grant-in-Aid for Scientific Research (C), Contract No. 22540262 and 20540277 from the Japan Society for the Promotion of Science.
